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stellar scintillometer versus isoplanometer
J. Krause-Polstorff, Edmund A. Murphy, and Donald L. Walters
The scintillation pattern from a single star can be utilized to provide information on the refractive
turbulence along the line of sight. Instruments that provide refractive turbulence parameters are the
isoplanometer and the stellar scintillometer. Attention is drawn to the fact that the National Oceanic
and Atmospheric Administration theoretical treatment and implementation of the stellar scintillometer is
incomplete. The theory is corrected for spectral effects and finite aperture. A comparison is made of
simultaneously obtained isoplanometer values and stellar scintillometer-derived values for isoplanatic
angle. The measurements are obtained from an electro-optical/meteorological experiment conducted at
Pennsylvania State University in April and May 1986. An atmospheric drop-off model is used to
extrapolate the scintillometer measurements beyond the heights probed. Agreement between the two
instruments is significantly improved after the appropriate corrections are applied to the scintillometer
data. These data were obtained during widely varying meteorological conditions that provided the
opportunity for comparisons over a wide range of isoplanatic angles (3 to 14 ,rad). Over the 5 days that
data were obtained, relative percent departures of mean isoplanatic angles derived from the corrected
stellar scintillometer are within 10% of the mean isoplanometer isoplanatic angle values. The
uncorrected departures range from 16% to 24%.
1. Introduction
The analysis of the scintillation pattern from a single
star can provide information on the refractive turbu-
lence profile along the line of sight. Peskoff and
Fried2 have pointed out that direct inversion of the
intensity correlation function should provide a turbu-
lence profile. Their analyses ignore the problems of
noise and nonstationarity of the atmosphere that one
encounters in a real experimental situation. These
features significantly degrade the performance of the
inversion technique.3 4 A single-star technique that
has been implemented uses a spatially filtered detec-
tor as a receiver. The stellar scintillometer devel-
oped by the National Oceanic and Atmospheric Admin-
istration 5 6 (NOAA) is a device that employs spatial
filtering at different spatial wavelengths to determine
the refractive-index turbulence at various altitudes.
The stellar scintillation is observed over a range of
spatial wavelengths and the different observations
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are linearly combined with appropriate weights to
yield seven path weighted functions centered at the
probed altitudes. This permits the measurement of
various heights of the vertical refractive turbulence
profile. The stellar scintillometer has been used in
conjunction with other methods to gauge its effective-
ness at determining the refractive turbulence pro-
file.7-10 These attempts have met with varying suc-
cess. An electro-optical/meteorological experiment
conducted at Pennsylvania State University in April
and May 1986 was one such attempt and included
concurrent operation of a Geophysics Laboratory
stellar scintillometer with a Naval Postgraduate
School (NPS) isoplanometer.1 ' Isoplanatic angles12
may be derived from the C 2 data with some assump-
tions. We examine the isoplanatic angles measured
by the isoplanometer and those obtained from the
stellar scintillometer-measured C 2 values to obtain a
check on the performance of the scintillometer. The
NOAA theoretical treatment of the scintillometer5
assumes a perfect filter.'3 It also incorrectly imple-
ments the photomultiplier tube response and ne-
glects the spectral effects of the source. In this paper
we refine the theory with a significant improvement
in agreement between the NPS isoplanometer and
the Geophysics Laboratory stellar scintillometer-
derived values for isoplanatic angle.
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2. Theory
The stellar scintillometer employs a zero-sum check-
erboard spatial filter truncated by a 35-cm Cassegrain
telescope aperture. The measured scintillometer in-
tensity fluctuations depend on the spectral response
of the filter. As the exact spectrum of this filter is
mathematically complicated and computationally in-
tensive to apply, the NOAA treatment of the spatial
filter assumes a delta function filter in K.13-15 A first
refinement of the original treatment of the spatial
filter is to approximate the checkerboard pattern by a
sinusoidal variation in x and y 14 :
R(X, y) = cyl[ r)]co(KRx)cos(KRY)/rr2, (1)
where r is the radius of the aperture, KR is the
frequency of the spatial filter, and cyl is the cylinder
function. The Fourier transform of this filter func-
tion is
FR (KX, KY) = /2 (J {r[(K. - KR) 2 + (KY - KR) 2 ]1/21
+ Jc{r[(K. - KR)2 + (KY + KR) 2]1/2}
+ Jc{r[(Kx + KR) 2 + (KY R)2]1/2
+ Jl{r[(Kx + KR)2 + (KY + KR)2 ]1/ 21),
(2)
where J(x) = J(x)/x, and r is the radius of the
receiver aperture. The spatial variance of the fil-
tered log-amplitude fluctuations as a function of wave
number k is then given by
U 2Xf= 0.132rr 2k2 dzC 2(Z)
x d2 KK-"1/3 sin 2(K2 z/2k) IFR(K) 12, (3)
where FR(K) is the Fourier transform of the filter
function, K is the spatial wave number, k = 2 7r/X, and
z is the height above ground. A Kolmogorov power
spectrum is assumed in Eq. (3) as the stellar scintillom-
eter is sensitive to spatial scales from 5 to 15 cm, and
this is expected to lie in the inertial range for the
probed altitudes. We note that the aperture-aver-
aged quantity is the irradiance rather than the log
amplitude, but in the weak refractive turbulence
limit dl 2dX and there is no important distinction
between the two. Equation (3) may be rewritten in
terms of a weighting function,
U7 =2 dzC. 2 (z)W(z), (4)
Xf
where
W(Z) = 0.132w 2k2 f d 2KK- 1 1 /3 sin 2(K 2z/2k) IFR(K) 12.
(5)
The equations presented so far are for a monochro-
matic source; as we are dealing with a broadband
source (i.e., a star), the path weighting function needs
to be averaged over the bandwidth of the detected
signal. The stellar spectral function is S( ) and
depends on the particular star chosen for the observa-
tions. The receiver photomultiplier tube may be
modeled by a Gaussian to obtain the broadband path
weighting function:
Jf dAW(z, A)S(X)exp[-(X - o)2
W'(z) = . (6)
JAC
dXS(X)exp[-(X - Xo) 2/2ax 2 ]
The photomultiplier tube response is peaked at Xo,
with no response for < X,. The standard deviation
is given by ax. The second refinement to the NOAA
effort is the inclusion of the cutoff of the photomulti-
plier response function and the inclusion of the
spectral characteristics of the source. The original
NOAA work assumed a symmetric phototube re-
sponse about Xo and did not include the source (star)
spectral function. For the photomultiplier tubes
used (Thorn EMI 9924B) in the Geophysics Labora-
tory scintillometer, Xo = 3700 A, X = 3100 A, and
cx = 1000 A. The source used for the measurements
on all but one day was Arcturus, and the spectral
curve used for Arcturus is from measurements by
Honeycutt et al. 16 The other source used is Regulus,
which is modeled by means of a blackbody spectrum
with an effective temperature of 13,000 K, and this
star was used at the start of the 5 May 1986 data run.
Taking the short wavelength cutoff of the photomulti-
plier tube and the specific source into account produces
an appreciable change in the weighting function W'(z).
In the stellar scintillometer no more than three
different spatial wavelengths are linearly combined to
obtain a composite path weighting function. The
use of more than three weighting functions requires
increasing the accuracy of the measurements. 6 The
weighting functions used by Ochs et al. 6 are recalcu-
lated. The Geophysics Lab scintillometer weighting
functions are calculated with the improved represen-
tation for the filter function, the correct photomulti-
plier tube response, and the stellar source spectrum.
These are shown in Fig. 1 and Fig. 2 for Arcturus and
Regulus, respectively. For comparison, the original
NOAA composite weighting functions are shown in
Fig. 3. The shape and the amplitude of the compos-
ite path weighting functions for the lower altitudes
are considerably different in the revised calculations.
The appearance is more oscillatory, and the primary
peaks are narrower. Also, the peak altitudes for the
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Fig 1. Plot of corrected scintillometer composite weighting func-
tions for seven ranges. Note the oscillatory character of the first
five weighting functions. The source is Arcturus.
various weighting functions have shifted. This ef-
fect is most pronounced at the higher altitudes. The
area of the new composite weighting functions (for
both sources) is less than thdt of the original NOAA
composite weighting functions. This means that the
C 2 measurements obtained with the original stellar
scintillometer values underestimate the value of C,2
in the layers probed. The height nominally corre-
sponding to the C,2 measurement has also shifted.
The ratio of the NOAA composite weighting func-
tions to the recalculated weighting functions for each
of the seven layers is given in Table 1. The correc-
tions range from over a factor of 3 to almost no
change at all.
The NPS isoplanometer determines the isoplanatic
angle directly. Loos and Hogge17 and Walters18 show
that measurement of the normalized variance of the
intensity fluctuations from a star can be used to
obtain the isoplanatic angle to within a constant
factor. The normalized variance of intensity fluctu-
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Fig. 2. Plot of corrected
tions for seven ranges.
ence in the position of thi
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Fig. 3. Plot of uncorrected scintillometer composite weighting
functions for seven ranges. These are the original NOAA func-
tions and include no source.
ations is given by
cU 8 /S = 16Tr
2 (0.033k 2 ) J C,2(Z)dz
x dKK-8/3 (K)sin2 ( 2 ) (7)
where K is the spatial frequency of the amplitude
scintillations, I is the path length over which C 2 is
nonzero, S is the average intensity in the aperture,
and I(K) is the intensity spectrum of the receiver
optics. The similarity to isoplanatic angle, which is
given by
1
05/3 = 2.905 2 seC8/3 + dzC 2(z)Z 5/3, (8)
is clear. Here 4 is the zenith angle, and 00 is the
isoplanatic angle. The idea is to make the weighting
function,
W(z) = I dKK8/3I(K)sin2( 2k7)
Table 1. Area Ratios of Original Weighting Function To Revised
---hn ~ent~n
(9)
Arcturus Regulus NOAA Area
Weighting Fig. 1 Fig. 2 Fig. 3 Ratios
Function Peak Peak Peak (Arcturus,
(W) (km) (km) (ki) Regulus)
1 1.8 2.1 2.2 2.9, 2.3
2 2.8 3.3 3.4 2.7, 1.7
3 4.3 5.0 5.2 2.1, 1.4
4 6.2 7.3 7.3 1.8, 1.4
5 8.1 9.4 9.4 1.9, 1.3
6 12.1 14.2 14.0 1.6, 1.1
7 16.2 19.2 18.5 1.3, 1.1
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Fig. 4. Isoplanatic angles for 30 April 1986. Uncorrected scintil-
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Fig. 6. Isoplanatic angles for 3 May 1986.
lometer values were used.
approximate a 5/ 3 dependence. The isoplanatic an-
gle becomes
0o-5/3 = Acrs2 /S2 , (10)
where Ais the proportionality constant. The weight-
ing function used in the NPS isoplanometer uses a
double annulus aperture. This gives, for the weight-
ing function,
WWz) =(1 e12 + E32)2 f K 8 /3dK sin2( Z)
X E2 [2J 1 (E 2KD/21)]_X 2 D/2 J E2 2J1(e1KD/2)]'1EIKD12J
+ 2J,(KD12) 32Jl(E3KD/ 2
+ [2JKD/2 - E2 3KD/2 112,
where El, E2 , and E3 are the constants that ratio the
various inner diameters to D, the outer diameter.
For the NPS isoplanometer, D = 20.32 cm, el =
0.369, 2 = 0.492, and 3 = 0.689. The approxima-
tion to a z5 /3 dependence with this double annulus
aperture is quite good.1 1
3. Determination of Isoplanatic Angle from
Scintillometer Measurements
The scintillometer measurements were obtained in
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Fig. 5. Isoplanatic angles for 2 May 1986. Uncorrected scintil-
lometer values were used.
The Geophysics Laboratory scintillometer was used
for these measurements, and the basic electro-optical
system is the same as the NOAA scintillometer.
However, the system is reconfigured to fit into a
light-tight box with the electronics on the underside
of the cover and with the motor drive, cam, filter, and
photomultiplier tubes built into the box. All calibra-
tion controls and indicators are placed on the outside
cover, permitting excellent calibration conditions at
field sites. Both the isoplanometer and the stellar
scintillometer used the same star as a source.
The isoplanatic angle values obtained are based on
the derived C 2 scintillometer values. Since the scin-
tillometer measures over a range of only 2 to 18 km
(dependent upon the source) from the aperture, appro-
priate models are used to extend the C 2 information
outside the sampled region. This extension is partic-
ularly important for the stratosphere because of the
z5/3 altitude weighting in the definition for isoplanatic
angle, as given in Eq. (12).
Fried12 has shown that for vertical viewing through
the atmosphere, angle 0 is the maximum angle over
which an extended object can be viewed without
significant wave-front phase distortions that are due
to atmospheric turbulence. We may write
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Fig. 7. Isoplanatic angles for 5 May 1986. Uncorrected scintil-
lometer values were used.
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Fig. 8. Isoplanatic angles for 6 May 1986. Uncorrected scintil-
lometer values were used.
where
I= Iscint + Ia + Ib
jZ5/3C2(Z)dZ + fZz5/3Cn2(z)dz + Z 5/3Cn2(Z)dZ
(13)
The limits z1 and Z7 represent the lowest and highest
altitudes, respectively, probed by the stellar scintillom-
eter. Ia is the atmospheric contribution to an iso-
planatic angle above Z7 and lb is the contribution to an
isoplanatic angle below zj. For the integral Iscint the
values of Cn2(z) are linearly interpolated between the
measured values of Cn2. Smith et al.19 have noted
that the primary cause for the average drop-off rate of
Cn2 in the upper troposphere and the stratosphere is
the decreasing atmospheric density. Eaton et al.2 0
have used U. S. Standard Atmospheric density values
(p's) in determining the p2 drop-off rates for extrapo-
lating Cn2 above the region of scintillometer measure-
ments. Battles et al.21 have shown that the p2 drop-
off rates determined from rawindsonde density data
in the stratosphere agree closely with in situ thermo-
sonde-derived Cn2 drop-off rates and decrease linearly
with decreasing latitude. Based on these results a
drop-off rate of 1.4 dB/km was selected for the State
College, Pennsylvania, site for the modeling of Cn2.
The model used to evaluate Ib and Ia is that of Eaton et
14 . . . . . . . .
2 MAY 1986Sl2
310 ° SCINTILLOMETER
C' 8 - ISOPLANOMETERz a
06 1V 
!54 4A~~ Y '~
0
0 1 2 3 4 5 6 7 8
TIME (HRS -UT)
Fig. 10. Isoplanatic angles for 2 May 1986. Corrected scintillom-
eter values were used.
al.22 For altitudes below those probed by the scintil-
lometer,
C, 2(z) = C, 2 (z1)(z/z 1)-2 /3 (14)
and the model for C,2 for altitudes above those probed
by the scintillometer is given by
Cn2(Z) - Cn2(Z7)exp[-a(z Z7)- (15)
where a = 0.1(ln 10)DR, and DR is the drop-off rate
for Cn2 in decibels per kilometer2l'23 and is taken to be
1.4 dB/km. A wavelength of 0.5 AL is used for
calculation of the isoplanatic angle. Contributions
at altitudes above 18 km to isoplanatic angle can be
shown to be appreciably larger than those below 2 km
as this lower contribution averaged over the database
is less than 4%.21
4. Results and Discussion
The refinement of the stellar scintillometer theory to
take into account the asymmetry of the response of
the photomultiplier tube about the peak wavelength,
the spectral function of the source, and the bandpass
of the spatial filter substantially improves the agree-
ment between the isoplanatic angles determined from
the stellar scintillometer and the isoplanometer mea-
surements. The largest relative percent differences
between the corrected scintillometer and the isopla-
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Fig. 9. Isoplanatic angles for 30 April 1986. Corrected scintillom-
eter values were used.
6 ' 7 8
Fig.11. Isoplanatic angles for 3 May 1986. Corrected scintillom-
eter values were used.
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Fig. 12. Isoplanatic angles for 5 May 1986. Corrected scintillom-
eter values were used.
for dates on which the standard deviation of the
isoplanometer values is the largest. The effect of
taking the spectral effects into account influences the
location of the weighting function peaks, and is most
pronounced at the larger spatial wavelengths (higher
probed altitudes).
The ratio of the original and the recalculated
weighting function areas for each altitude is given in
Table 1. The ratios are given for both Arcturus and
/ Regulus. Application of the corrections produces an
appreciable improvement in the agreement between
the scintillometer-derived isoplanatic values and those
obtained from the isoplanometer. Note that both
the scintillometer and isoplanometer use the same
stellar sources (Arcturus and Regulus) and therefore
probe essentially the same volume of the atmosphere.
Figures 4-8 show the isoplanometer data compared
with the isoplantic angles calculated from the uncor-
rected stellar scintillometer C,2 values. The cor-
rected stellar scintillometer-derived isoplanatic angle
values are shown for comparison with the isoplanom-
eter data in Figs. 9-13. The feature that is immedi-
ately obvious is that the correction moves the calcu-
lated isoplanatic angles into the same dynamic range
as the isoplanatic angles obtained from the isoplanom-
eter. This can be seen explicitly by comparing the
means of the corrected and uncorrected data with
those of the isoplanometer, as is done in Table 2.
The difference in the corrected 2 May 1986 and 3 May
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Fig. 13. Isoplanatic angles for 6 May 1986.
eter values were used.
6 7 8
Corrected scintillom-
Table 2. Comparison of Scintillometer Data To Isoplanometer DataV
Data 30 April 2 May 3 May 5 May 6 May
Isoplanometer
Mean 5.34 4.14 5.69 9.21 7.97
Standard deviation 0.74 0.55 0.48 1.58 0.93
Scintillometer (corrected)
Mean 5.80 4.29 5.65 9.82 8.64
Standard deviation 1.50 0.56 1.34 1.19 1.95
Relative percent difference 8.61 3.62 0.70 6.62 8.41
Scintillometer (uncorrected)
Mean 6.65 5.03 6.62 11.25 9.89
Standard deviation 1.63 0.66 1.46 1.54 2.10
Relative percent difference 24.53 21.50 16.34 22.15 24.10
a00 in microradians.
from the isoplanometer values is under 4%. Indeed,
in comparing Figs. 5 and 10, it is apparent that the
correction has moved the calculated isoplanatic angle
values almost exactly on top of those obtained from
the isoplanometer. In other cases (i.e., Figs. 12 and
13) there is still considerable divergence between the
two sets of values. Table 2 indicates that the scintil-
lometer-derived isoplanatic angle means for 5 May
1986 and 6 May 1986 differ by 7% and 8%, respec-
tively, from the mean isoplanometer values for these
dates. This is superior to the values of 22% and 24%
difference obtained on the same dates, respectively,
for the uncorrected values. Table 3 shows the corre-
lation of the scintillometer isoplanatic angles with
those of the isoplanometer. The lowest correlation
occurs for 3 May 1986, for which the standard
deviation of the isoplanatic angle for the scintillome-
ter-derived values is significantly larger (- 300%)
than that obtained from the isoplanometer. The
origin of this discrepancy is not clear. The mean for
both sets on 2 May 1986 is, however, almost the same.
Given the crudity of the model for C 2 outside the
range of the probed altitudes and the less than ideal
shape of the actual composite weighting functions
used in the stellar scintillometer, it is surprising that
the agreement on isoplanatic angle for the two instru-
ments is as good as it is. It is recommended that, for
the future use of the stellar scintillometer, the compos-
ite weighting functions be recalculated to reduce the
oscillatory behavior that is present. The scintillome-
ter should be recalibrated with the new weighting
functions, and the software associated with the instru-
ment should be rewritten. A further refinement
would be to use more than three elementary weight-
ing functions to construct the composite weighting
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function. This would permit a greater spatial resolu-
tion for the layer measurements but require addi-
tional refinements in instrument design.
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